Sedentary prey facing an acute predation risk: testing the hypothesis of inducible metabolite emission suppression in zebra mussels, 
                by unknown
FRESHWATER BIVALVES
Sedentary prey facing an acute predation risk: testing
the hypothesis of inducible metabolite emission suppression
in zebra mussels, Dreissena polymorpha
Andrzej Antoł . Justyna Kierat . Marcin Czarnoleski
Received: 17 September 2016 / Revised: 16 February 2017 / Accepted: 26 February 2017
 The Author(s) 2017. This article is published with open access at Springerlink.com
Abstract It takes time before a defensive phenotype
can be effectively developed, which handicaps sessile
bivalves exposed to acute predation risks. In a
laboratory experiment, we examined whether preda-
tion threats induce zebra mussels to limit metabolic
rates, serving as a fast-response defence that reduces
the chances of chemical detection by predators. We
measured the respiration rate of mussels exposed to
predation treatments (fish fed zebra mussels, fish fed
chironomids, crushed zebra mussels) and to predation-
free conditions, and we tested the effect of these
treatments on attachment strength and aggregation.
Compared with the predation-free controls, all mus-
sels in the predation treatments tended to initially have
suppressed metabolic rates. The rate of metabolism
increased over time in all treatments, but only in the
presence of fish fed chironomids was the increase
significantly greater than in the control. Attachment
strengths and aggregation rates were similar for all
treatments after 7 days. Our results provide the first
evidence of predation-induced changes in zebra mus-
sel metabolic rates. We suggest that mussels respond
differently to different types of predation threats.
Immediately after receiving predation cues, they react
promptly by lowering their production of metabolites,
but over time, they re-adjust their response to the
actual predation threat present.
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Introduction
Spatiotemporal fluctuations in predation risks drive
the evolution of inducible defences in prey species
(Ydenberg & Dill, 1986; Clark & Harvell, 1992). An
effective induction of a defensive phenotype requires
the prey to assess the predation risk (Gabriel et al.,
2005), which can involve recognizing predator diets
(Brown & Dreier, 2002); sensing the type (Lowen
et al., 2013), size (Kobak et al., 2010) and abundance
of predators (Van Buskirk & Arioli, 2002); or
estimating the spatial position relative to a predator
(Cooper, 2006). A time lag between detecting a
predation cue and developing a defensive phenotype is
critical to the effectiveness of the defence and thus
plays a role in the evolution of inducible defences
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(Czarnoleski & Muller, 2014). The importance of
response time becomes apparent when we consider
sessile bivalves, immobilized by their byssal attach-
ment to a rock and therefore unable to quickly move
away to escape from predators. Instead, when faced
with predation cues, sessile bivalves often change their
spatial position to form clumps with conspecifics
(Coˆte´ & Jelnikar, 1999) and intensify the production of
byssus (Cheung et al., 2009) and shell material
(Czarnoleski et al., 2006). All of these responses
require energy to fuel anabolic processes, mainly
protein synthesis, and it can take days or weeks before
a defensive phenotype is effectively developed, which
is apparently a handicap for sessile bivalves exposed
to acute predation risks.
Here, in a series of experiments on zebra mussels
(Dreissena polymorpha), we examined whether an
acute predation risk elicits a fast-response defence in
mussels that reduce their detection by predators. Based
on the findings of Czarnoleski & Muller (2014), we
hypothesized that zebra mussels would reduce their
emission of disclosing metabolites when they receive
cues about foraging predators. Upon foraging, com-
mon predators of bivalves, such as fish and crus-
taceans, use prey metabolites to sense the location of
their prey (Hazlett, 1994; Weissburg and Zimmer-
Faust, 1994; Weissburg et al., 2002), but the hypoth-
esis of inducible metabolite emission suppression
(HIMES) has rarely been addressed by earlier studies
(but see Weissburg and Zimmer-Faust, 1994; Smee &
Weissburg, 2006; Czarnoleski & Muller, 2014). Over
the last two centuries, Ponto-Caspian zebra mussels
have expanded to diverse environments in Europe and
North America (http://www.europe-aliens.org/), fac-
ing a variety of pressures from local predators (Czar-
noleski et al., 2010a). It is believed that without an
effective inducible defence, this invasion might have
been less spectacular and may have not been possible
at all (Czarnoleski et al., 2006). The byssus of zebra
mussels has been shown to reduce the risk of dis-
lodgement by predatory fish (Kobak & Kakareko,
2011), suggesting that strengthening the byssal
attachment might be a crucial part of an inducible
defence strategy in this species. Surprisingly, experi-
ments on zebra mussels found two contradictory pat-
terns: the presence of non-feeding roach increased the
strength of byssal attachments (Kobak et al., 2010),
but the presence of crushed conspecifics (Czarnoleski
et al., 2010b) or crayfish fed conspecific mussels
(Czarnoleski et al., 2011) resulted in weaker byssal
attachments. Czarnoleski et al. (2011) speculated that
cues about the presence of fish and the presence of
injured conspecifics might indicate two different
threats. The presence of a predatory fish in the absence
of signs of crushed zebra mussels signals a predator
that is not currently preying upon conspecifics, which
suggests that such a predator does not impose an
immediate danger (e.g. it may be feeding on other prey
or is not hungry). This cue suggests that there is suf-
ficient time for initiating energetically costly and time-
consuming responses, such as the strengthening of
byssal attachments, which help protect the mussel
against future predation events. In contrast, injured
conspecifics signal an immediate threat of predation—
a predator is actively preying on conspecifics. The
time-consuming process of strengthening byssal
attachments would not be effective in this situation,
and an effective option would be an immediate sup-
pression of the emission of disclosing metabolites. As
byssal synthesis requires a high level of energy
expenditure, an inevitable long-term side effect of the
metabolic suppression is decreased byssal attachment
strength. To test the HIMES predictions, we measured
attachment strength, degree of aggregation and oxy-
gen consumption in zebra mussels exposed to four
predation treatments: (i) roach fed zebra mussels, (ii)
roach fed chironomid larvae, (iii) crushed conspecific
mussels, and (iv) a predation-free environment. We
expected that, relative to our predation-free mussels
(treatment iv), mussels in treatment ii would increase
their byssal attachment strength and degree of aggre-
gation, which would result in higher metabolic rates
due to the increase in anabolic processes. In addition,
we predicted that mussels from treatments i and iii
would be characterized by slower metabolic rates,
which would be followed by reduced byssal attach-




Zebra mussels were collected in autumn 2011 in Dgał
Wielki Lake (Mazurian Lakes, Poland). Roach (Ru-
tilus rutilus L.) were obtained from the Department of
Ichtyobiology and Fisheries, University of Agriculture
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in Krakow. All roach exceeded a body length of
16 cm, which is regarded as the size threshold at which
roach becomes capable of feeding on zebra mussels
(Prejs et al., 1990). All animals were maintained in a
stock room in the Institute of Environmental Sciences
(Jagiellonian University, Krako´w, Poland) at 11C and
with a 12:12 h photoperiod. Prior to the experiments,
roach were regularly fed with frozen chironomid
larvae, and the zebra mussels were not fed. Three
weeks before the experiments, animals were trans-
ferred from a stock room to an experimental room at a
temperature of 17C; the light conditions were as in
the stock room. The physiological activity of exper-
imental animals was primed via controlled feeding.
Zebra mussels were placed into large tanks and fed a
suspension of dried Chlorella sp. (Aquafauna Bio-
Marine Inc., USA). Roach were divided into a group
fed frozen chironomids and a group fed live zebra
mussels.
Experiment 1: aggregation and attachment
The experiment on inducible changes in aggregation
and attachment strength was conducted in eight tanks.
Each tank was filled with 70 l of tap water and was
constantly aerated. We placed ten Plexiglas cubic
boxes (Fig. 1) into each tank. Each box consisted of
detachable walls (70 9 70 mm) held in place by
rubber bands. The boxes were left intact in the tanks
for 24 h, which allowed a biofilm to build up on the
surface of walls. After this, we placed eight zebra
mussels (shell length, 8–12 mm) into each box,
spacing them evenly on the bottom surface. The boxes
were covered with a square piece of mesh held in place
with a rubber band to prevent the mussels from
escaping. The mesh was made of the soft curtain
material with 5 9 5 mm square holes (Fig. 1). Mus-
sels in all tanks were acclimated to the control
conditions (pure water) for 24 h. After this, each tank
was allocated to one of the four predation treatments
(i–iv), with two tanks per treatment. Tanks in treat-
ments i and ii harboured roach. In treatment i, there
was a single roach (mass, 459 g) in one tank and two
roach (masses, 93 and 128 g) in the second tank. In
treatment ii, there was a single roach (mass, 303 g) in
one tank and two roach (masses, 55 and 173 g) in the
second tank. This maintained comparable roach
biomasses in both treatments, which controlled for
the potential effect of predator size on the amount of
predation cues received. The roach were provided with
equal amounts of soft tissue of either live zebra
mussels (treatment i) or frozen chironomid larvae
(treatment ii). One ration of zebra mussel (8–15 mm)
weighed 32.5 g, and one ration of chironomids
weighed 7.8 g. Prior to the experiment, we estimated
that 32.5 g of mussels contained an average of 7.8 g of
soft tissue, the equivalent of our chironomid rations.
This procedure involved 25 randomly sampled mus-
sels with shell lengths from 8 to 15 mm. The mussels
were weighed, and after the removal of soft tissue,
their shells were weighed. These data were used to
estimate what proportion of the body mass of intact
mussels was made up of soft tissue mass. Treatment iii
was established following the methods of Czarnoleski
et al. (2010b). In brief, 32.5 g of live mussels (8–5 mm
length) was homogenized in a mortar and mixed with
water. The mixture was strained and added to an
experimental tank with zebra mussels. Treatment iv
contained pure tap water. In the tanks for treatments i,
ii and iii, we released freshly prepared predation cues
twice daily, in the morning and evening. For cleaning
purposes, in each tank, we replaced 43 l of water with
fresh water daily, just before the evening release of
predation cues.
The experiment ended 7 days after first exposing
the mussels to the treatment conditions. The walls of
each box were disassembled and examined to assess
the aggregation of mussels and the strength of their
attachment. We regarded a mussel to be part of a
Fig. 1 An example of an experimental Plexiglas cube used in
Experiment 1 to study the aggregation and attachment of zebra
mussels. Each box consisted of five detachable walls
(70 9 70 mm) and was covered with a square piece of mesh




clump if its shell was in a direct physical contact with a
shell of at least one other mussel. For each box, we
calculated an aggregation index. We counted the
aggregated mussels in each clump and then subtracted
1, assuming that the mussel at the centre of the group
might not actively take part in the process of
aggregation. Then, we summed the results of this
calculation for all the clumps in a box. Note that our
aggregation index values increased with the total
number of aggregated mussels, and if two boxes had
even numbers of aggregated mussels, the box with one
large clump received a higher index value than the box
with multiple smaller clumps. This property of our
index was likely to be biologically relevant because
individual mussels in a large clump should better resist
dislodgement by predators than individual mussels in
a small clump.
Following Czarnoleski et al. (2010b), we measured
the attachment strength of the byssus with an
electronic force gauge (FG-5000A, Lutron Electronic
Enterprise Co., Taiwan) assembled on a stand with a
hand-operated wheel. The walls of boxes with
attached mussels were placed on a counter-top, with
the mussels pointing upward. A battery clip attached
to the gauge via a flexible metal string was clipped to a
mussel. We measured the maximum force (±0.01 N)
needed to pull the mussel away from the attachment
site by slowly raising the vertical column with the
gauge until the mussel became completely detached.
Mussels attached in corners or to other mussels were
not measured. The length of each mussel was
measured with a Vernier calliper (0.1 mm).
Experiment 2: oxygen consumption
Following the end of Experiment 1, we maintained our
treatments (i–iv) in the experimental tanks, and water
from these tanks was used to examine the oxygen
consumption of zebra mussels exposed to our treat-
ment conditions. Oxygen measurements were con-
ducted every 24 h over 12 consecutive days (hereafter,
respiration sessions). For each session, we sampled 12
zebra mussels in the morning. The animals originated
from the same pool of animals as the ones used in
Experiment 1, but they were not involved in Exper-
iment 1. A shell of each mussel was gently cleaned
with filter paper, and shell length was measured to the
nearest 0.1 mm with an electronic calliper. To min-
imalize the effect of body size on our metabolic
measurements, only individuals of a uniform size
(10–12 mm) were chosen for the experiment. The
mussels were placed individually into 50-ml bottles
filled with 40 ml of water originating from one of our
experimental tanks (each day we altered the source
tank in a treatment, so in total, each of the two tanks
per treatment contributed equal numbers of water
samples). Each bottle with a mussel had an assigned
reference bottle without a mussel, which contained
water from the same treatment and served as a base
line. Bottles with mussels were connected in a random
order to a closed-system respirometer (MicroOxymax,
Columbus Instruments, USA), with each reference
bottle placed next to the corresponding bottle with an
experimental animal. All bottles were placed in
thermally controlled cabinets, which kept the mussels
at a stable temperature (18.5 ± 0.14C; mean ± SD),
with constant light. Note that this temperature devi-
ated by 1.5C from the temperature in experiment 1,
but this deviation was unlikely to cause any qualitative
differences in the results of experiment 1 and 2. The
rate of oxygen consumption (ll/h) in the air of each
bottle was estimated for each of five consecutive time
intervals, with each interval lasting 2 h 33 min. To
calculate the metabolic rate of a mussel, the rate of
oxygen consumption in a reference bottle was sub-
tracted from the rate measured in the respective bottle
with a mussel. This allowed us to remove potential
effects of microorganisms in the water on our
metabolic measurements of the mussels.
Statistical analysis
We analysed the data using general linear mixed
modelling (GLMM) in the R package (R Core Team,
2015) with the lme4 and lmerTest packages (Bates
et al., 2015; Kuznetsova, 2016). In the GLMM for
attachment strength and the aggregation index (Ex-
periment 1), treatment group (i–iv) was a fixed factor
and experimental tank was a random factor nested
within a treatment. The model for attachment strength
also considered mussel length as a numerical covari-
ate. The attachment strength and mussel length were
log-transformed prior to analysis. In the GLMM for
oxygen consumption, treatment group was a fixed
factor, and respiration session was a random factor. As
the rate of oxygen consumption of each mussel was
measured repeatedly over five time intervals, the
model also included the experimental unit (mussel) as
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another random factor and time as a covariate.
Additionally, this improved the test of our hypothesis
by controlling for any random effects due to differ-
ences in our experimental units, such as between-
mussel differences in physiological state or differ-
ences in the mass of metabolically active tissues, and
for residual differences in the metabolic activity of
microorganisms associated with mussels or living in
the water. Additionally, the model considered an
interaction between the treatments and time. The
random structure of the model included the estimation
of a regression intercept and a slope at each level of
our random factors (i.e. for each experimental unit and
each respiration session). This model structure was
selected based on the Akaike information criterion
from a set of competing models. All models subjected
to this comparison had the same fixed factors, but they
differed in the structure of their random components.
The mean squares were estimated with a REML
method. Oxygen consumption was log-transformed
prior to the analysis. To explore the nature of the
interaction between treatment and time, we performed
a post hoc analysis of the best model, comparing the
slopes between all treatments using a general linear
hypothesis test (multcomp package, Hothorn et al.,
2008).
Results
The results of Experiment 1 show that larger mussels
produced stronger attachments (p = 0.02, F1,224 =
5.20; Table 1). Among our four treatment groups,
mussels from the predation-free group developed the
weakest byssal attachments and had the lowest
aggregation index values (Figs. 2, 3), but the overall
effects of our treatments were not statistically signif-
icant in either of the two analyses (P = 0.3, F3,4 =
1.76 and P = 0.19, F3,4 = 2.61, respectively;
Table 1, Online resource 1 and 2).
The results from Experiment 2 show that following
exposure to experimental treatments, mussels in
all groups steadily increased their rate of oxygen
consumption over time (P\ 0.01, F1,11 = 40.44,
Table 1; Fig. 4). Our treatments had significant
impacts on the metabolic rates of mussels, but
this effect was time-dependent, as indicated by the
significant time 9 treatment interaction (P = 0.01,
F3,129 = 3.85, Table 1, Online resources 3). Our post
hoc comparison of these rates, which assessed the time
x treatment interaction, revealed that the metabolic rate
increased significantly faster in mussels exposed to
cues from roach fed chironomids (group ii) than in the
control group. As shown in Fig. 4, following exposure
to the treatment conditions, mussels in treatment ii had
the lowest metabolic rates of all the treatments groups,
but overall, all mussels from our predation treatments
(i–iii) tended to have lower metabolic rates than
mussels in the predation-free control group (iv). After a
steady increase in metabolic rates in all treatments,
mussels in treatment group ii reached the highest
metabolic rate among all treatment groups.
Discussion
After exposure to our experimental treatments, all
zebra mussels responded in a similar manner, with an
initially slow oxygen consumption rate, followed by a
steady increase in oxygen consumption over time. It is
possible that the mussels were regaining their filtering
capacity after a suppression caused by the physical
disturbance, but it is likely that this initial suppression
reveals an important element of a general antipredator
response aimed at reducing the emission of disclosing
metabolites. Supporting this idea, our treatment
groups differed in the rates at which the metabolic
rates of the mussels increased over time. Consistent
with a general prediction of the HIMES regarding
predator-induced metabolic suppression, all mussels
that received predation cues (treatments i–iii) initially
showed a stronger tendency to maintain a lower
metabolic rate than mussels in the predation-free
control group (iv). Contradictory to our predictions,
the greatest suppression occurred in our ‘low predation
risk’ treatment (ii), where mussels received cues about
roach feeding on chironomids, rather than in treat-
ments (i) and (iii), where mussels were exposed to
effluents from crushed conspecifics, a reliable sign of
an immediate risk of predation. However, the recovery
of metabolic functions over time occurred at the fastest
rate in the ‘low predation risk’ mussels (ii), so at the
end of our respiratory measurements, these mussels
were consuming oxygen at the fastest rate among all
treatments. Apparently, the initial suppression of
metabolism in treatment ii was compensated for by
the subsequent increase in metabolic rate. We can only
speculate on the origin of this complex pattern of
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inducible changes in metabolic rates. Based on the
predictions of the HIMES, we envision that an
antipredator response by mussels might consist of
two consecutive phases. In the initial phase, immedi-
ately after detecting cues about the presence of
predators, mussels indiscriminately suppress meta-
bolic activity to reduce detection by predators. In the
subsequent phase, the sampling of environmental cues
over time allows mussels to re-adjust their defensive
response to the actual predation threat. For example,
experiencing no signs of direct predation on con-
specifics, as was the case in treatment ii, increases the
expected benefits gained from investing in increased
attachment strength and shell resistance. On the other
Table 1 Results of three General Linear Mixed Models that compared attachment strengths, aggregation indices and respiration
rates of zebra mussels among four predation treatments (i–iv)
Effect SS MS Numerator df Denominator df F P
Attachment strength
Treatment 1.84 0.61 3 4.00 1.76 0.29
Mussel length 1.81 1.81 1 224.40 5.20 0.02
Aggregation index
Treatment 12.59 4.20 3 4.07 2.61 0.19
Consumption rate of O2
Treatment 0.56 0.19 3 131.28 2.38 0.07
Time 3.15 3.15 1 11.00 40.44 \0.01
Treatment 9 Time 0.90 0.30 3 128.87 3.85 0.01
The table reports fixed factors, but full models also considered random effects, experimental tanks in the models for attachment
strength and aggregation index, and mussel and respiration session in the model for O2 consumption rate. Time in the latter model is a
continuous variable, which measured the time of respiration measurements since the exposition of mussels to experimental treatments
Fig. 2 After 24 h of attaching without predation cues and
7 days of exposure to cues, there were no differences in the
attachment strength of zebra mussels among the four predation
treatments. The graph shows the values predicted by the General
Linear Mixed Model (results of which are described in Table 1).
Error bars show 95% confidence intervals
Fig. 3 After 24 h of attaching without predation cues and
7 days of exposure to cues, there were no differences in the
aggregation indices of zebra mussels among the four predation
treatments. The graph shows the values predicted by the General
Linear Mixed Model (results of which are described in Table 1).
Error bars show 95% confidence intervals
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hand, signs of direct predation on conspecifics, as was
the case in treatments i and iii, decrease the expected
benefits gained from investing in greater attachment
strength and crush resistance. We stress that these
hypotheses should be rigorously tested, especially that
we did not detect significant effects of predation cues
on the attachment strength. It is unlikely that the
responses predicted by the HIMES are effective
against bird predation, but they should be effective
in confrontations with other predators, such as crus-
taceans and fish, which have the physiological capac-
ity to localize zebra mussels based on chemical
information (Atema, 1980; Hara, 1994; Lee & Meyers,
1996). In fact, experiments on crayfish show that these
predators use chemical detection to sense dead (Ha-
zlett, 1994) and living zebra mussels (Czarnoleski
et al., 2011). Similar information on fish, and
especially quantitative data on the links between
metabolic suppression and predation rates, are com-
pletely lacking, but we hope that our results will
stimulate future research in this area.
If the mechanisms predicted by the HIMES actually
occur, this would help explain some unexpected
patterns that have been reported in earlier studies on
different species of bivalves. In marine bivalves, the
presence of predation cues was found to reduce byssus
production and mobility in Hormomya mutabilis
(Ishida & Iwasaki, 2003), food intake in Mercenaria
mercenaria (Smee & Weissburg, 2006) and respiration
rates in Perumytilus purpuratus (Vial et al., 1992;
Lopez et al., 1995). In zebra mussels, cues from injured
conspecifics have been found to reduce mobility
(Toomey et al., 2002; Czarnoleski et al., 2010b),
clearance rates (Naddafi et al., 2007; Naddafi &
Rudstam, 2014) and attachment strength (Czarnoleski
et al., 2010b, 2011), and to bias filter-feeding towards
easy-to-digest foods (Naddafi et al., 2007). In our
experiments, the degree of aggregation and attachment
strength of zebra mussels were not significantly
affected by the treatment conditions. This result is
inconsistent with the results of earlier experiments on
zebra mussels, which either showed an increase in
attachment strength and the degree of aggregation in
the presence of roach (Kobak et al., 2010) or a decrease
in attachment strength in the presence of cues from
injured conspecifics (Czarnoleski et al., 2010b). Preda-
tor-induced changes in byssus production and the
degree of aggregation have also been found in other
bivalves (Coˆte´ & Jelnikar, 1999; Nicastro et al., 2007;
Cheung et al., 2009; Chiu et al., 2011; Lowen et al.,
2013). Most likely, this inconsistency indicates differ-
ences in experimental designs, especially the fact that
our present design had, for logistical reasons, only two
fish tanks per treatment, which decreased the statistical
power for detecting significant differences. Neverthe-
less, the inconsistency we found is worth additional
attention as it may also indicate some overlooked
nature of antipredator responses. In our experiment,
mussels were allowed to re-establish their byssal
attachment for 24 h prior to their exposure to predation
cues, but in earlier studies, the exposure to predation
cues was immediate. Consequently, given that the a
large portion of byssal threads are already produced by
zebra mussels in the first day following detachment
(Czarnoleski et al., 2010b), our experimental design
most likely provided mussels with the information
about predation risks after resources started to be
channelled to byssal production, whereas in earlier
designs, mussels were informed about predation risks
before initiating in any defensive responses. In this
regard, our experimental design, despite decreasing the
chances of detecting significant effects, is more similar
to natural conditions, where mussels are firmly
attached to the substratum. The responsiveness of prey
to predation cues is likely to be context-dependent. For
example, predation has been shown to stimulate zebra
Fig. 4 The relation between zebra mussel respiration rate and
time from the beginning of the measurement period. Intercepts
and slopes of treatments have been estimated with the GLMM
detailed in Table 1. The regression equations for the particular
treatments are (i) fish fed zebra mussels, y = 1.05 ? 0.04x; (ii)
fish fed chironomids, y = 0.91 ? 0.05x; (iii) crushed zebra
mussels, y = 1.09 ? 0.03x; (iv) predation-free control
y = 1.25 ? 0.02y. Regression slopes were compared between
treatments with a post hoc test. The statistical significance of the
differences in slopes is indicated by different letters (a–c)
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mussels and pulmonate snails to produce heavier shells
but only in environments deficient in calcium, where
molluscs typically have thinner shells (Rundle et al.,
2004, Czarnoleski et al., 2006).
At this stage, we are far from a full understanding of
the nature of antipredator strategies in bivalves.
Although it is difficult to extrapolate discoveries from
one study and apply them to the complex processes of
other organisms, the crucial insights from our findings
are that future studies on the antipredator strategies of
sedentary bivalves must incorporate short-term beha-
vioural responses and consider how these responses
depend on the environmental context. Arguably,
despite their apparent handicap due to their sedentary
lifestyle, sessile bivalves have evolved an ability to
cope with acute predation risks through reducing the
chances of chemical detection. There are key ques-
tions that await answers. What metabolites are used in
chemical detection? What spatial scale is ecologically
relevant for the chemical detection and the defensive
suppression of metabolite emission? What are the
consequences of trade-offs between acute behavioural
responses and long-term allocation responses, such as
changes in byssogenesis, shell production, growth and
reproduction rate? How do bivalves adjust to these
consequences over their lifetime? How do these
adjustments change depending on the environmental
conditions? What is the role of time constraints in
shaping the optimal strategy of sedentary mussels
against predators?
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